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Abstract
Subduction of young oceanic lithosphere cannot be explained by the gravitational driving mechanisms of slab pull
and ridge push. This deficiency of driving forces can be overcome by obduction of an actively overriding plate, which
forces the young plate either to subduct or to collide. This mechanism leads to shallow flattening of the slab as observed
today under parts of the west coast of North and South America. Here this process is examined by means of numerical
modeling. The convergence velocity between oceanic and continental lithospheric plates is computed from the modeling
results, and the ratio of the subduction velocity over the overriding velocity is used as a diagnostic of the efficiency of
the ongoing subduction process. We have investigated several factors influencing the mechanical resistance working
against the subduction process. In particular, we have studied the effect of a preexisting lithospheric fault with a depth
dependent shear resistance, partly decoupling the oceanic lithosphere from the overriding continent. We also
investigated the lubricating effect of a 7 km thick basaltic crustal layer on the efficiency of the subduction process and
found a log^linear relation between convergence rate and viscosity prefactor characterizing the strength of the oceanic
crust, for a range of parameter values including values for basaltic rocks, derived from empirical data. A strong mantle
fixes the subducting slab while being overridden and prevents the slab from further subduction in a Benioff style.
Viscous heating lowers the coupling strength of the crustal interface between the converging plates with about half an
order of magnitude and therefore contributes significantly to the subduction process. Finally, when varying the
overriding velocity from 2.5 to 10 cm yr31, we found a non-linear increase of the subduction velocity due to the presence
of non-linear mantle rheology. These results indicate that active obduction of oceanic lithosphere by an overriding
continental lithosphere is a viable mechanism for shallow flat subduction over a wide range of model
parameters. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Gravitational instability forces such as slab pull
and ridge push mainly drive Benio¡ type of sub-
duction, while the most important resistance
comes from internal friction and friction or drag
from the overriding plate and mantle below. The
dominance of slab pull and ridge push over the
resisting forces makes subduction an active pro-
cess : the net driving force is internally created.
For young oceanic plates, however, resisting
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forces would dominate in this setup, since oceanic
plates younger than about 30 Ma are gravitation-
ally stable due to the buoyant lithosphere. In this
case, other driving forces are necessary for sub-
duction to occur. Vlaar [1] proposed the litho-
spheric doubling scenario as a possible mecha-
nism: in this scenario a continent overrides a
young oceanic plate (obduction) and this plate
subducts rather passively along with the mantle
underneath. Reconstructions of absolute plate
motion show an overriding velocity at subduction
zones along the western Americas in the past and
present [2^5]. Lithospheric doubling would result
in shallow £attening of the subducted slab and
could therefore be an explanation for the £at
slab segments which have been observed using
various geological and geophysical methods. A
similar e¡ect could be expected from an eastward
moving mantle as suggested in [5]. Vlaar and
Wortel [6] investigated dip angles of subducting
plates de¢ned by means of earthquake hypocen-
ters. They suggested a correlation might be
present between the lithospheric age and the dip
angle of the subducting slab. Cross and Pilger [7]
suggest a correlation between the dip angle to be
dependent on absolute overriding plate motion,
convergence rate, slab age and the subduction of
aseismic ridges. Flat subduction probably oc-
curred around 65 Ma ago below the western
USA and may have caused the Laramide orogeny
and related tectonic features [8^10]. This has been
concluded from seismic data, heat £ow measure-
ments, migrating patterns of magmatism, tectonic
reconstructions and tomographic images. Present-
day horizontal subduction occurs at the west
coast of Mexico and central Chile [6,11^13].
Other mechanisms for £at lying subduction
have previously been proposed. The 670 km dis-
continuity phase change can easily result in £at
lying slabs in case of su⁄cient roll-back [14^16].
However, this occurs in the transition zone and
not at shallow depth, directly below the overrid-
ing plate. Furthermore, the trench roll-back is a
result of the pulling force which is generated by
an old and heavy slab and not by young and
gravitationally stable slabs. Buoyant plateaus
may give an explanation for shallow £attening
of the subducting plates [13], but do not form a
driving mechanism for this type of subduction.
With adherence to the overriding plate by a
non-hydrostatic pressure force [17] or a slab suc-
tion force [18,19], a de£ection of the subducting
slab towards the horizontal can be explained.
These models, however, do not propose a driving
force for £at subduction, but merely a mechanism
to £atten an already subducting plate.
Plate tectonics are characterized by strain con-
centration within the plate margins. Large strains
are accommodated by fault systems between the
converging plates. The importance of such faults
in the dynamics of the subduction process has
been shown in [14,20]. Localized ductile deforma-
tion is observed in models using highly non-linear
stress weakening rheologies [20^22]. Other mech-
anisms are provided by compositionally de¢ned
lubricants, such as a hydrated oceanic crust [23],
or by viscous heating [24,25]. Here, we investigate
the relative importance of faults, crustal strength
and mantle strength in the process of lithospheric
doubling by means of numerical modeling. First,
we present the numerical model, including the im-
plementation of a lithospheric fault and tracking
of compositional di¡erences. Next, we examine
the in£uence on the subduction dynamics of var-
ious model parameters systematically. Finally, we
discuss the applications of the results for the
Earth.
2. Model description
2.1. Governing equations
We assume an incompressible medium with in-
¢nite Prandtl number and we apply the extended
Boussinesq approximation [26]. We use the same
non-dimensionalization scheme as in [27]. The
non-dimensional continuity and momentum equa-
tion are respectively:
D juj  0 1
D jR eij3D ivp  RaT  RcCN iz 2
in which both thermal and compositional buoy-
ancy are accounted for in the right hand side of
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Eq. 2. Symbols used are de¢ned in Table 1. A
compositional (crust^mantle) layering for the sub-
ducting oceanic lithosphere is de¢ned through a
bi-valued composition distribution C(x) which is
advected with the £ow. The non-di¡usive trans-
port equation for the composition:
DC
D t
 ujD jC  0 3
is solved using a Lagrangian particle tracer meth-
od (see Section 3). Both buoyancy and e¡ective
viscosity are de¢ned to be dependent on the com-
position. This way, we have used di¡erent rheo-
logical £ow laws for the basaltic oceanic crust and
underlying mantle. Conservation of energy is de-
scribed by the non-dimensional heat equation:
DT
D t
 ujD jT3DiT  T0w3D jD jT  DiRax H
4
where adiabatic (de)compression and thermal dif-
fusion correspond to the third and fourth term in
the left hand side, respectively. Viscous dissipa-
tion and radiogenic heating are included through
the ¢rst and second right hand terms, respectively.
2.2. Boundary and initial conditions
The subduction process is modeled in a 2-D
Cartesian box of 2000 km deep and 2600 km
wide. High lower mantle viscosity in this model
results in a shallow concentration of the shear,
Table 1
Notations
Parameter Meaning Value used Dimension
A pre-exponential £ow law parameter ^ Pa3n s31
vA variation of A relative to values in Table 2 ^ ^
B viscosity prefactor = A31=n ^ Pa s1=n
C composition parameter ^ ^
d smoothness of the sti¡ness variation 1000 m
Di dissipation number =Kgh/cp 0.47 ^
E* activation energy ^ J mol31
e 2nd invariant of the strain rate tensor eij ^ s31
eij eij = Djui+Diuj = strain rate tensor ^ s31
H non-dimensional radiogenic heat production ^ ^
n viscosity stress exponent ^ ^
r subduction to overriding velocity ratio ^ ^
R gas constant 8.3143 J K31 m33
Ra Rayleigh number = bKvTh3/RU 1.8U107 ^
Rc compositional Rayleigh number vbcgh3/RU 2.4U107 ^
S sti¡ness of the fault = S0(1+tanh(z3z0)/d) ^ Pa s m31
S0 maximum sti¡ness of the fault 1019 Pa s m31
T non-dimensional temperature ^ ^
T0 non-dimensional surface temperature 273/vT ^
vp non-dimensional hydrodynamic pressure ^ ^
vT temperature contrast across model domain 2300 K
t non-dimensional time ^ ^
u non-dimensional velocity u = (v,w)T ^ ^
V* activation volume ^ m3 mol31
v0 overriding velocity ^ cm yr31
vsubd subduction velocity ^ cm yr31
z0 locking depth in sti¡ness de¢nition ^ m
R non-dimensional viscosity ^ ^
x non-dimensional viscous dissipation ^ ^
bc crustal density 3116 kg m33
bm mantle density 3416 kg m33
dij deviatoric stress tensor ^ Pa
d 2nd invariant of the stress tensor dij ^ Pa
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which makes the results relatively insensitive to
the depth of the model truncation boundary.
Boundary and initial conditions are shown sche-
matically in Fig. 1. Initially the shallow part of
the model is divided into an oceanic and a con-
tinental lithosphere. The geotherm of the oceanic
lithosphere and mantle is based on the cooling of
an initially adiabatic temperature distribution
with a 1300‡C potential temperature. The initial
geotherm of the continent is de¢ned as a steady
state temperature pro¢le using crustal radiogenic
heat production values according to Chapman
[28], corresponding to a 60 mW m32 surface
heat £ow. Oceanic radiogenic heat production is
neglected in the models. To avoid the special case
of initiation of subduction, we de¢ned an already
developed subduction zone: an oceanic plate
without a leading slab was thermally and compo-
sitionally de¢ned with a 5 cm per year half
spreading rate. This plate was subducted with a
¢xed 5 cm per year subduction velocity for 8 Ma
to create the initial condition for further model
calculations, with a subducted slab just entering
the asthenosphere. We de¢ne this moment as time
t = 0, from which the oceanic surface boundary
condition becomes free slip and the convergence
rate becomes a free, rather than a ¢xed parame-
ter. We use this initial condition for all model
calculations. The oceanic plate has an age of
8 Ma at the trench. We study the subduction be-
low an actively overriding continent with an
ocean-ward velocity v0 = (v0,0) with respect to
the deep mantle. Although the reference frame
in subduction models is usually ¢xed to the deep
mantle, we choose a ‘continental reference frame’
here, which is ¢xed to the top surface of the over-
riding continental lithosphere, for reasons of com-
putational convenience. To this end, we use a
simple galilean coordinate transformation: a no-
slip boundary condition is imposed on the conti-
nental surface while at the bottom and in£ow
boundary, a velocity 3v0 is imposed, describing
again the relative motion between continent and
deep mantle. The oceanic surface is modeled as a
free slip impermeable boundary, which enables
the subduction velocity to develop in a self-con-
sistent way. A horizontal £ow and hydrostatic
pressure are prescribed on the vertical left hand
side boundary. These de¢ne the £ow to be ‘devel-
oped’, i.e. with a zero horizontal velocity gradient,
as in one-dimensional channel £ow. Thermal
boundary conditions are: 0‡C along the top sur-
face z = 0, 2300‡C at the bottom surface, a con-
tinental geotherm at the right hand side boundary
and a mantle adiabat at the left hand side bound-
ary x = 0, corresponding to an adiabatic gradient
of 0.5 K km31 and a potential temperature of
1300‡C to represent the mid-ocean ridge.
2.3. Rheological model
The applied mantle rheology is based on a com-
posite rheological model combining both New-
tonian and non-Newtonian £ow, corresponding
to di¡usion and dislocation creep respectively
[14,27,29,30]. We use an Arrhenius relation for
each of the £ow components for both mantle
and crustal materials :
eij  Ad n31d ijexp E
  pV
RT
 
5
where two sets of values for A, n, E* and V* are
used for the two creep components. Symbols used
are explained in Table 1. Each set of parameters is
implemented in the model utilizing the bi-valued
composition distribution C. These parameter sets
are taken from the literature on experimentally
determined £ow laws for both upper mantle ma-
terial and crustal material. Using the second in-
Fig. 1. Description of the mechanical boundary conditions:
relative motion between continent and mantle (at left hand
vertical and bottom boundary) is imposed. Free slip and
fully developed horizontal £ow (cxx =3p) conditions are
used for the oceanic surface and right hand boundary, re-
spectively.
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variants e and d of strain rate and stress, respec-
tively, the de¢nition of the viscosity, R= d/e and a
viscosity prefactor B = A31=n, we de¢ne the e¡ec-
tive viscosity for each of the two creep compo-
nents as:
R  Be13n=nexp E
  pV 
RT
 
6
and de¢ne the e¡ective viscosity as the geometric
mean value of the two components [27]. We trun-
cated the e¡ective viscosity at the high end to a
value that increases linearly from 1020 Pa s to 1023
Pa s over the upper 40 km and a constant value of
1023 Pa s below this depth. This limits the strength
of the cold lithosphere to reasonable values as
indicated in, for example, [31]. It essentially sub-
stitutes for other, not implemented deformation
mechanisms, such as brittle failure or the Peierl’s
mechanism [32].
Activation parameters E* and strain rate pre-
factors A for mantle material are adopted from
values given in [29], as listed in Table 2. Compar-
ison of the £ow laws for the composite rheology
with viscosity estimates from layered post-glacial
rebound models [33,34] and geoid inversions [35]
suggests a somewhat weaker mantle, although
such a comparison is dependent on, for example,
chosen geotherm and model dynamics. In order to
achieve reasonable viscosity values for the deeper
mantle, we de¢ne the activation volume for man-
tle di¡usion creep to be 4.5 cm3 mol31 and for
mantle dislocation creep to be 14 cm3 mol31 [36].
We increased the prefactors A for both di¡usion
and dislocation creep with respect to [29] with half
an order of magnitude to de¢ne an appropriate
mantle strength for our reference model. This re-
sults in a reduction of the viscosity.
The strength of the 7 km thick basaltic oceanic
crust is less accurately determined than the
strength of olivine, and fewer data are available.
Moreover, water plays an important role in the
strength determination of crustal materials [31],
but amounts of water in subducting oceanic crust
are not well known. We use the crustal £ow law
data from [37], to which we added a roughly esti-
mated activation volume of 10 cm3 mol31, and
from which we increased the prefactor A from
Eq. 5 with two orders of magnitude to de¢ne a
suitable crustal strength description for the crust
in our reference model. Basalt is known to trans-
form into denser and stronger eclogite during sub-
duction. The depth range of this transition in sub-
duction zones is not well known due to poorly
known kinetics of the phase transition as a func-
tion of interplate contact length, slab temperature
and water content [1,12,38^40]. In this model we
use a simple approach, in which we assume the
crust to have properties intermediate between ba-
salt and eclogite. Taking an intermediate value of
3300 kg m33 for the relative crustal density com-
pensates for the absence of a light depleted harz-
burgitic layer beneath the crust. A more detailed
study of the buoyancy e¡ects of the subducting
slab and the rheological implications of the ba-
salt-to-eclogite transition is subject of future re-
search.
2.4. Implementation of a lithospheric fault
The dynamics of plate convergence is best de-
scribed by faulted plate interfaces [14]. To account
for the e¡ects of frictional sliding [31] and mylo-
nitic shear localization behavior [41] in the upper
part of the subduction zone, we implemented a
static fault, with an arc-shaped geometry, as a
reasonable approximation of the actual subduc-
tion geometry [42]. In general, the fault has to
be mobile and advected as in [14,43] in order to
adjust to the stress and £ow ¢eld. The rather rigid
Table 2
Rheology parameters
Rock/mineral A n E* Reference
(Pa3n s31) (J mol31)
ST: Maryland diabase 8.8U10325 3.4 260U103 [37]
KW: dry di¡. olivine 1.92U10311 1.0 300U103 [29]
KW: dry disl. olivine 2.42U10316 3.5 540U103 [29]
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overlying continent and relatively short time
scales of the presented processes, however, justify
the assumption of a rigid fault. The dip angle of
the fault increases from zero (horizontal) at the
surface to 23‡ at its deepest part at 100 km depth.
Flow across the fault is not allowed and fault
friction is de¢ned using a fault sti¡ness de¢nition,
as described in [43]. This way, the slip across a
fault plane is coupled to the resisting shear force
using d=3Sv, in which d is the component of the
stress, tangential to the fault and v the slip veloc-
ity tangential to the fault. S is the sti¡ness coef-
¢cient, parameterized as a hyperbolic tangent:
S  S0 1 1=2 tanh z3z0d
  
7
in which z0 and d control the depth and smooth-
ness of the fault locking zone. All experiments
have d = 1 km, which results in a sharply deter-
mined locking depth.
3. Numerical techniques
In order to solve Eqs. 1, 2 and 4, we use the
¢nite element package SEPRAN [44]. A penalty
function method is used to solve the momentum
equation, while the energy equation is integrated
in time using a predictor^corrector scheme [27]. A
Lagrangian tracer particle method is used to solve
Eq. 3. 200 000 tracers are placed in and around
the oceanic crustal layer. Each tracer corresponds
to a particular parameter value C which is used to
de¢ne the type of material, crust or mantle at the
current tracer position. These tracer values are
interpolated to the ¢nite element mesh in the com-
putation of the coe⁄cients of the ¢nite element
equations. Tracers are advected with the £ow
¢eld, using the 4th order Runge^Kutta scheme.
Modeling of the relatively small-scale crust re-
quires strong local mesh re¢nement and the usage
of a locally high tracer density.
4. Results
We investigated the e⁄ciency of subduction of
an oceanic lithosphere below an overriding litho-
sphere. Di¡erent factors in our numerical model
can in£uence the subduction of the oceanic litho-
sphere below the overriding plate. Of these, we
examined in particular : (1) the depth at which
the subduction fault locks, (2) the viscosity of
the basaltic crust, (3) the strength of the mantle,
(4) viscous dissipation, and (5) the overriding
plate velocity. Table 3 lists the complete series
of modeling experiments, where model A is used
as a reference model. Viscosity prefactors are de-
¢ned relative to the £ow laws from Table 2. Phys-
ical parameters are de¢ned in Table 1. Fig. 2 il-
Table 3
Model parameters
Model Amantle Acrust z0 v0 x vsubd r Power
(km) (cm yr31) on/o¡ (cm yr31) (kW m31)
A 100:5 KW 1032 ST 100 5 on 3.49 0.698 14.0
B 100:5 KW 1032 ST 100 5 o¡ 2.81 0.562 12.9
C1 1030:5 KW 1032 ST 100 5 on 3.86 0.772 23.8
C2 KW 1032 ST 100 5 on 3.68 0.736 17.4
C3 101 KW 1032 ST 100 5 on 3.29 0.658 28.7
D1 100:5 KW 1032 ST 40 5 on 0.84 0.168 9.8
D2 100:5 KW 1032 ST 60 5 on 1.31 0.262 10.1
D3 100:5 KW 1032 ST 80 5 on 2.14 0.428 11.9
E1 100:5 KW ST 100 5 on 1.88 0.376 11.0
E2 100:5 KW 1031 ST 100 5 on 2.53 0.506 11.9
E3 100:5 KW 1033 ST 100 5 on 4.42 0.884 19.8
E4 100:5 KW 1034 ST 100 5 on 5.33 1.066 17.9
F1 100:5 KW 1032 ST 100 2.5 on 2.87 1.148 9.2
F2 100:5 KW 1032 ST 100 7.5 on 3.83 0.510 20.8
F3 100:5 KW 1032 ST 100 10 on 4.16 0.416 29.1
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lustrates typical modeling results of the ongoing
subduction process for model A. Shown are three
snapshots of di¡erent times of the e¡ective viscos-
ity (Fig. 2a,b,c) and temperature (Fig. 2d,e,f). The
outlines of the subducting slab are revealed by the
dark areas, indicating low temperature and high
viscosity. In the viscosity plots, the sti¡ oceanic
and continental lithosphere is shown in black. In
between, the much weaker oceanic crust is
present. In both the viscosity and the temperature
plots, an eventually horizontally subducted slab is
clearly recognized. The subduction velocity grad-
ually lowers from 5 to 3 cm yr31 within the ¢rst
20 Ma due to increasing friction along the in-
creasing plate contact zone. Time averaged values
of the di¡erent models for the ¢rst 20 Ma are
presented in Table 3 to quantify the subduction
velocity. These subduction velocities are com-
puted as horizontal velocities of the sti¡ oceanic
plate just before subduction.
4.1. The in£uence of the fault locking depth on
subduction
The mechanical coupling on the lithospheric
fault is de¢ned by a relation between the local
slip velocity along the fault and the local fault
shear stress, resisting the slip on the contact plane.
The coupling behavior is controlled by the spa-
tially variable sti¡ness S, as de¢ned in Eq. 7. We
set the fault locking depth to 40, 60, 80 or 100 km
depth. Table 3 gives the time averaged subduction
velocities for each of the experiments, listed as
cases D1 to D3 and model A, respectively. In
Fig. 3a, the resulting subduction rates are plotted
against fault locking depth. At depths larger than
Fig. 2. Viscosity (logarithmic contours) and temperature of reference model A. Three time snapshots at t = 0 (top panel), 9.6 and
19.2 Ma (bottom panel) since the onset of obduction are shown. The oceanic plate subducts horizontally, creating a doubled
lithosphere of increasing horizontal length.
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the locking depth, the deformation is taken over
by the crustal layer, which is relatively weak and
acts as a lubricant. When the unlocked part of the
fault is shortened, the length of the crustal shear
zone increases. This increases the total resistance
against subduction and decreases the subduction
velocity. Fig. 3b shows vertical cross sections of
several physical quantities at x = 800 km (through
the subduction zone) and t = 9.6 Ma, which clarify
the e¡ects of changing the fault depth. Fig. 3b1
shows that for shallow fault locking depths, the
velocity increase from continent to slab mainly
occurs gradually within the 7 km thick oceanic
crust. The models with deeper fault locking depth,
however, have the total velocity jump concen-
trated at the fault above the crust. This fault cou-
pling depth in£uences the e¡ective viscosity of the
crust, as shown in Fig. 3b3.
4.2. The in£uence of the crustal strength on
subduction
In further experiments, the fault coupling depth
z0 is kept constant at 100 km depth. The in£uence
of the intrinsic crustal strength was investigated
by varying the prefactor A in Eq. 5, relatively to
the value from Table 2. Di¡erent model calcula-
tions are listed as cases E1^E4 and case A in
Table 3. The crustal viscosity is approximately
proportional to vB =vA31=n. Fig. 4a and b1
show that the subduction rate strongly depends
on the viscosity of the crustal layer. Variation of
A of four orders of magnitude, used in this experi-
ment, can be related to the variations in degree of
hydration of the subducting oceanic crust. A mea-
sure of the e¡ectiveness of obduction is de¢ned
through the ratio of the subduction rate and the
Fig. 3. (a) Subduction rate changes and ratio r are plotted for a variation in the fault locking depth. (b) Vertical pro¢les at
x = 800 km (in the middle of the subduction zone) at t = 9.6 Ma show the e¡ect of the changing fault depth on (b1) the horizon-
tal velocity component vx, (b2) the temperature ¢eld T, and (b3) the e¡ective viscosity R.
Fig. 4. (a) Subduction rates and velocity ratio r are plotted for di¡erent values of the crustal viscosity prefactor vA relative to
the prefactor from Table 2. (b) Vertical pro¢les behind the subduction zone (x = 920 km) at t = 9.6 Ma show the e¡ect of a
changing crustal £ow law prefactor on (b1) the horizontal velocity component vx, (b2) the temperature ¢eld T, and (b3) the e¡ec-
tive viscosity R.
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overriding plate velocity r = vsubd/v0. Correspond-
ing values of r are given in Figs. 3a and 4a and in
Table 3.
4.3. The in£uence of the mantle rheology on
subduction
The mantle rheology is probably not known
more accurate than order of magnitude precision.
It is therefore worthwhile to examine the in£uence
of variations in the mantle strength on the sub-
duction behavior. We varied the mantle viscosity
in cases C1^C3 and case A from Table 3 through
changes in the prefactors A of both di¡usion and
dislocation creep laws in Eq. 5, relatively to the
values from Table 2. Resulting subduction rates,
temperature pro¢les and e¡ective viscosity are
shown in Fig. 5. Subduction rates increase mod-
erately with increasing mantle strength. For the
strongest mantle, the subducting lithosphere cou-
ples best to the mantle below since the astheno-
sphere is then least pronounced. This prevents the
subducting plate from colliding and being pushed
along with the overriding plate and therefore re-
sults in the highest subduction rates. The drag of
the oceanic plate with the mantle below in these
models is therefore necessary for subduction to
occur. This is opposite to the situation in Benio¡
subduction, in which the mantle drag usually is
thought to resist the subduction process. For the
reference model A, the ratio of di¡usion creep
viscosity over dislocation creep viscosity is shown
in Fig. 6. The high values of the ratio in the
strong lithosphere and surrounding (including
the asthenosphere) are indicative of local predom-
inance of dislocation creep £ow over the di¡usion
creep component. This indicates that the change
in dislocation creep strength is most important
here. Di¡usion creep governs the mantle strength
at greater depths, which is in line with [29]. An-
other feature, that is at least partly controlled by
mantle strength, is the ability of the overriding
plate to avoid the slab from subducting further
to the deep mantle (Benio¡ type of subduction).
The mantle will be able to support the (small)
weight of the young slab only when it has enough
strength to resist the necessary deformation in-
volved. If not, the slab will subduct further,
once asthenospheric material is able to penetrate
in between the two lithospheres. Such an event
occurred in model C3 with a relatively weak man-
tle and is shown in Fig. 7. Non-linear rheology, in
combination with viscous heating weakened the
slab during bending and caused slab detachment.
Fig. 5. Similar to Fig. 4 for di¡erent values of the mantle viscosity prefactor vA, relative to the prefactors for di¡usion and dis-
location creep from Table 2.
Fig. 6. The logarithmic ratio of di¡usion creep viscosity over
dislocation creep viscosity for the reference model A at
t = 9.6 Ma indicates that dislocation creep is the main defor-
mation mechanism in and near the lithospheres, while at
deeper levels, di¡usion creep becomes dominant.
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4.4. The role of viscous heating in the subduction
process
We compared the results from two models,
listed as cases A and B in Table 3, for calculations
with and without viscous heating, respectively.
The time averaged subduction velocity is 2.81
cm yr31 for model B and increases to 3.49 cm
yr31 for model A. Fig. 8 shows vertical cross sec-
tions of the relevant physical quantities for both
models A and B, again at x = 920 km for t = 9.6
Ma. Viscous dissipation heats the crustal layer, as
shown in Fig. 8b, where most of the shear defor-
mation occurs. This results in a decrease of e¡ec-
tive crustal viscosity of half an order of magni-
tude, as shown in Fig. 8c, due to both the
temperature and the strain rate dependence of
the viscosity. These e¡ects enhance mechanical
decoupling resulting in an increase of the subduc-
tion rate.
4.5. Relation between subduction velocity and
overriding plate velocity
In the previous experiments, a constant velocity
of the overriding plate v0 = 5 cm yr31 was used. In
models F1^F3 (Table 3), we varied the overriding
velocity between 2.5 and 10 cm yr31 to examine
its e¡ect on the subduction behavior. Fig. 9 indi-
cates a convergence rate increasing with increas-
ing overriding plate velocity. This relation is non-
linear: an increasing overriding velocity leads to a
larger shear, which in turn results in lower dislo-
cation creep strength and more shear heating.
This causes a more pronounced asthenosphere
with less coupling between the mantle and sub-
ducting plate and a less e¡ective obduction, as
indicated through the lower velocity ratio r in
Table 3.
5. Discussion
In our model, the overriding plate provides a
Fig. 8. Vertical pro¢les at x = 920 km for t = 9.6 Ma for a
model with viscous dissipation (A) and without (B). Shown
are horizontal velocity, temperature and e¡ective viscosity.
Fig. 9. The relation between the overriding and subduction
velocities. The relation is non-linear, due to the non-linear
dislocation creep strength: a larger strain rate leads to a low-
er viscosity in the asthenosphere.
Fig. 7. Viscosity plot for model C3 for time t = 14.4 and
t = 17.6 Ma, in which the subduction of the slab through a
relatively weak mantle is shown. Non-linear rheology and
viscous heating lead to the detachment of slab in the bending
area.
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driving mechanism for young oceanic plates to
subduct, thereby constantly performing work on
the system. In our model, the corresponding work
per unit time, or power, is introduced through the
velocity boundary conditions that describe the rel-
ative motion between continent and deep mantle.
Validation of the model by an estimate of this
additional work is necessary [45]. We make an
estimate of this power input by assuming that
the dissipated energy of the model is provided
mainly by the imposed boundary conditions (ex-
ternal energy source), since the potential energy
release is small for a young oceanic plate that
subducts only to a depth of about 120 km, as is
the case in our models. The time averaged gener-
ated power of viscous heating of the reference
model is 14.1U103 W m31. In case Benio¡ sub-
duction occurs (as in model C3, Table 3), this
value becomes larger, because in that case the
release of potential energy by the sinking slab
becomes signi¢cant. In case of a stronger mantle
(models C1 and C2, Table 3), this value increases
as well : the asthenosphere is less pronounced and
the involved overriding shear stress increases. This
suggests that the estimated work done by the
overriding continent per unit time puts a con-
straint on the mantle strength in this model. If
we assume the overriding continent to be driven
by forces of the same order of magnitude as ridge
push (W2U1012 N m31), a corresponding esti-
mate of the amount of work per unit of time
done by a 5 cm per year overriding continent on
the system is 3^4U103 W m31. These values,
however, may be larger when besides young sub-
duction also older slabs subduct at the same sub-
duction zone in a 3-D con¢guration, in which case
the pulling force of slab roll-back may contribute
considerably. This may for example be the case at
the west coast of South America [13]. These esti-
mates show that the power, introduced by the
velocity boundary conditions, is probably of the
correct order of magnitude.
Although here the emphasis is put on the sig-
ni¢cance of the rheology for shallow £at subduc-
tion, another important model parameter is the
buoyancy of the slab. A heavy slab will be able
to subduct steeply more easily than a buoyant
one. The buoyancy of the slab is in£uenced by
the age of the slab, the stratigraphy of the oceanic
plate and the series of phase transitions from ba-
salt to eclogite [39]. These aspects of the subduc-
tion process are subject of further research.
6. Concluding remarks
We have performed numerical model experi-
ments for a passive oceanic lithosphere that is
overridden by a continent. We varied the physical
parameters that in£uence the friction between the
two converging plates. This in£uence is clearly
expressed in the ratio of the subduction velocity
over the overriding plate velocity. We modeled a
subduction fault that partly decouples the plates,
as well as a crustal layer with a rheology that is
signi¢cantly weaker than the mantle rheology.
Both the crustal strength and locking depth of
the fault in£uence the subduction rate signi¢-
cantly. The mantle strength must be large enough
to ¢x the overridden oceanic plate to the under-
lying mantle and to prevent steep Benio¡ type
subduction to develop. However, the mantle can-
not be too viscous in view of the limited driving
force of the overriding plate. In the model calcu-
lations, viscous heating turned out to be an sig-
ni¢cant factor facilitating subduction. Non-linear
dislocation creep included in our composite rheo-
logical model appears to be important in weaken-
ing the shallow subducting crust and mantle,
whereas in the deeper parts linear di¡usion creep
is dominant, in line with predictions of [29]. The
ratio of subduction and overriding velocity was
shown to depend non-linearly on the overriding
velocity due to the presence of mantle power law
creep. In conclusion: from numerical experiments,
we have found active obduction of oceanic litho-
sphere by an overriding continent to be a viable
mechanism for shallow £at subduction over a
wide range of parameters.
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